Abstract-Previous works in cooperative spectrum sensing assumed that the channels for sensing and reporting are independent identically distributed (i.i.d). A more practical and appropriate assumption, however, should be that the sensing channels and reporting channels are independent but not necessarily identically distributed (i.n.i.d). In this paper, we derive the falsealarm probability and the detection probability of cooperative spectrum sensing with energy fusion over i.n.i.d Nakagami fading channels. Selected numerical results show that cooperative spectrum sensing still gives considerably better performance results even over i.n.i.d fading channels.
I. INTRODUCTION
The dramatic growth of wireless services over the last decade explains the great demand for radio spectrum. The spectrum resource, however, is limited and most of it has already been allocated. On the other hand, many portions of the allocated spectrum are not fully utilized. In order to deal with this conflict between spectrum scarcity and spectrum under-utilization, cognitive radio has been proposed as a revolutionary technology for the next generation of wireless communication networks [1] .
To guarantee that the operation of the primary users is not affected, the secondary users must possess the ability of sensing the presence of active primary users, and this process is known as spectrum sensing. In some specific environment, multi-path fading and shadowing may cause the disability of secondary users to detect a primary user. In order to solve such problems, multiple secondary users can cooperate with each other to conduct the spectrum sensing to achieve an improved performance [2] .
Recently, cooperative sensing has been widely studied [3] [4] , and these studies suppose that the sensing channels are identically distributed. But this is not always the case in practice. Indeed in this case, the received signals by cooperating secondary users may experience a variety of path loss, shadowing or fading conditions. As such, a more appropriate and practical assumption is to consider independent but not identically (i.n.i.d) channels. In this paper, we consider cooperative sensing in such kind of environment and we assume that the reporting channels to the fusion center are error-free.
In particular, instead of sending the binary local decision, each secondary user is assumed to transmit the normalized energy statistic to the fusion center, which makes a final decision by fusing these local energy statistics. In this context, we calculate the false-alarm probability and miss-detection probability with a threshold determined by the Neyman-Pearson criterion.
The rest of this paper is organized as follows: In Section II, the system model is introduced. Next, Section III presents the performance analysis over i.n.i.d Nakagami fading channels. Then the following section shows some selected numerical results. Finally, conclusions will be presented in Section V.
II. SYSTEM MODEL
We consider a cooperative cognitive radio network with N secondary users and a fusion center, and assume that each secondary user performs local energy sensing independently and report these energy values to the fusion center over errorfree reporting channels. We also assume that the sensing channels are independent. Different from previous works, however, these channels may be not identically distributed but subject to the same kind of fading.
With the i.n.i.d assumption made above, the signal-to-noise ratio (SNR) of the received signal from the primary user for n-th secondary user can be denoted as γ n , with its mean γ n and probability density function (PDF) f γn (γ n ). The nth secondary user measures the normalized energy statistic of the signal it has received as E n , which has a central chi-square distribution under the hypothesis H 0 (inactive primary user) and non-central chi-square distribution with a center parameter 2γ n under the hypothesis H 1 (active primary user) [5] :
where u = T W is the time bandwidth product with T the observation time interval and W the one-sided bandwidth. The fusion center collects the normalized energy statistic from each secondary user using the energy fusion scheme [3] to make a decision. Under perfect reporting channel conditions, the fusion energy statistic yields
Based on (2), it is not difficult to show that the fusion energy statistic E is also subject to a central chi-square distribution under the hypothesis H 0 and a non-central chisquare distribution with a center parameter 2γ under the hypothesis H 1 :
where γ = N n=1 γ n is the combined SNR with a PDF f γ (γ). As such, the PDF of E conditioned on γ is given by
where Γ(·) is the gamma function and I M (·) is the M -th order modified Bessel function of the first kind.
To make a decision, the fusion center compares the energy statistic E to a threshold λ, and decide on H 0 when E < λ and on H 1 when E > λ. In this conditions, the false-alarm and detection probability conditioned on γ are given by [5] 
where Γ(·, ·) is the upper incomplete gamma function, and Q M (·, ·) is the generalized Marcum Q-function. The averaged detection probability can then be computed in different fading environments as
since the conditional false-alarm probability is independent of γ, thenP f = P f . The threshold λ can be determined using the NeymanPearson criterion. In particular, given a desired false-alarm probability P f = α, the threshold λ can be determined and can be used in (5) to find the average detection probability.
III. PERFORMANCE ANALYSIS
Nakagami fading occurs for multipath scattering with relatively large delay-time spreads, with different clusters of reflected waves. It represents a wide range of multipath channels via the fading parameter m [6] . For instance, the Nakagami fading includes the one-sided Gaussian fading (m = 1/2, which corresponds to worst-case fading) and the Rayleigh fading (m = 1) as special cases. In addition, when m > 1, a one-to-one mapping between the Rician factor and the Nakagami fading parameter allows the Nakagami fading to closely approximate the Rice fading [6] . Finally, and perhaps most importantly, the Nakagami fading often gives the best fit to urban [7] and indoor [8] multipath propagation.
For Nakagami fading channels, the local SNR of secondary users is subject to a Gamma distribution given by
where m n is the Nakagami parameter for the n-th sensing channel andγ n = E[γ n ] is the mean of the SNR γ n . For distinctγ n 's, the PDF of γ can be shown to be given in this case by
where A nj is determined by
with M γ (·) given in the case by
Inserting (6) in (5), we get the average detection probability with the help of Eq.(29) in [9] as
where G Nu can be determined recursively as
with the initial G 1 given by 
where L k (·) is the Laguerre polynomials with degree k.
As a special case, the average detection probability for Rayleigh fading channels is given by making all m n = 1
where
as the lower incomplete gamma function, and A n is determined by
.
IV. NUMERICAL RESULTS
Performance of the network is often described through its receive operating characteristic (ROC) curves (P d versus P f ) or complementary ROC curves (P m = 1 − P d versus P f ) for different situations of interests. In the following figures, cooperating secondary users are assumed to be uniformily distributed in a cell of radius R centered around the primary user, and in this case, the average SNRγ for each sensing channel is assumed to be log-normal distributed with a shadow standard deviation of θ dB (selected as 3 dB in the following simulation results), an average SNRγ R at distance R, and a mean value following an exponentially decreasing path loss model with an exponent α. In this case, the PDF of average SNRγ is given by [10] , [11] fγ(γ) = 2 c exp 2θ
where c = 10αlog(e) is the exponential path loss parameter (with α = 3 in the following simulation results presented in Fig.1 to Fig.5 ), Q(·) is the Q-function defined as the tail probability of the standard normal distribution, i.e.
du. Ignoring the fading and noise of the reporting channel, we examine the performance of energy fusion for i.n.i.d Nakagami fading channels. In Fig.1 and Fig.2 , we generate the complementary ROC curves for Rayleigh fading and Nakagami fading for different values ofγ R using Neyman-Pearson Criterion. We notice that there is a great improvement in the performance with several dB's with the increase inγ R . For example, when P f is set to 1%,P m decreases about 100 times asγ R increases from 3dB to 9 dB in Rayleigh fading conditions. Fig.3 and Fig.4 compare the complementary ROC curves for Rayleigh and Nakagami fading conditions for different numbers N of cooperative secondary users, respectively. Clearly the higher is the number of cooperative secondary users, the better is the network performance network. For example, we can see from these figures that whenP f is set to be 0.1%, P m vanishes to 10 −12 in Nakagami fading channels with just 10 cooperative secondary users. Fig.5 shows the effect of the Nakagami parameter m on the complementary ROC curves for Nakagami fading channels. There is an improvement of roughly one order of magnitude for the miss-detection probability from m = 1 to m = 2. This improvement diminishes when m is reduced by half and increases when m doubled.
Finally, Fig.6 presents the effect of the path loss parameter α on the complementary ROC curves for Nakagami fading channels. As we can see, the increment of α brings better performance for cooperative sensing.
V. CONCLUSIONS
This paper analyzed the performance of cooperative spectrum sensing over i.n.i.d Nakagami fading channels. With the scheme of energy fusion, closed form of false-alarm probability and detection probability were derived. It was shown by selected numerical results that cooperative spectrum sensing still works considerably well in an i.n.i.d environment.
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